Intracranial aneurysms are common. The overall frequency in the general population ranges from 0.2% to 9% (mean frequency, about 5%) in autopsy studies.
critical drawbacks, in which ruptured aneurysms in a cohort of patients were compared with unruptured aneurysms in a separate cohort of patients. This allows for significant confounding variables between the two different cohorts of patients. Therefore,it is difficult to eliminate confounding variables in studying the rupture risk of aneurysms. Consequently, the comparison would be less distinct than the actual situation. There has been no available information regarding a decisive factor associated with aneurysm rupture.
In the current study, we have chosen to study patients with mirror location intracranial aneurysms in which a control unruptured aneurysm was present in each patient -an ideal study model, in which the differences between ruptured and unruptured aneurysms are limited to morphological variables such as size, shape, and aneurysm-to-parent vessel size ratio. To our knowledge, this represents the first attempt at verifying purely morphological parameters of aneurysm and its parent vessel for rupture risk assessment in a separate cohort of patients with mirror location intracranial aneurysms.
METHODS AND MATERIALS
We reviewed a clinical database of Department of Neurosurgery, the first affiliated hospital of Nanchang University (Nanchang, China) from January 2008 through April 2012 for patients with mirror location cerebral aneurysms, of which one aneurysm had ruptured and the other had not ruptured. The ruptured aneurysm was identified at the time of surgery by direct observation and correlated with the hemorrhage pattern on CT scan. All patients underwent threedimensional (3D) digital subtraction angiography (DSA). All 3D images were collected and examined for suitability to be included in the study. We could only include cases in which the rotational angiographic images were of sufficient quality for accurate segmentation and reconstruction. Two investigators (JZ and HT), who did not have knowledge of the aneurysm-related clinical results, reviewed all imaging studies in a blinded fashion and performed the measurements. Approval for the collection and review of data was obtained from the Institutional Review Board at Nanchang University.
The 3D angiography images were obtained with a Toshiba Infinix VFi/BP frontal C-arm system (Toshiba America Medical Systems, Inc., Tustin, CA), 3D reconstruction in surfacetriangulation format and isolation of the region of interest (intracranial aneurysm (IA) plus adjacent vessels) were performed using in-house software based on the open-source Visualization Tool Kit libraries. The 3D intracranial aneurysms and parent vessel geometries were analyzed to provide the various morphology parameters.
We investigated nine morphology parameters (Figure) adapted from parameters that have previously been described for cerebral aneurysms 5, 9, 11, 12, 14 . The following one-dimensional measurements were collected: 1. the maximum perpendicular height of the intracranial aneurysm (H), 2. neck diameter (Dneck), 3 . maximum width (Dmax width), 4. the maximum height (Hmax): The maximum height is not the maximum perpendicular height (H). Rather, it is the maximum (not necessarily perpendicular) distance from the centroid of the aneurysm neck to any point on the aneurysm dome. 5. parent artery average diameter (DV) was obtained by measuring two representative vessel cross sections upstream of the aneurysm (D1 at the proximal neck and D2 at 1.5 × D1 upstream), calculating the local diameters in the same way as the neck Figure 1B) . Then the following twodimensional indices were calculated: 1 
. aspect ratio (AR), which was defined as the ratio of the maximum perpendicular height to neck diameter (H/Dneck); 2. size ratio (SR), which incorporates the geometries of the IA and its parent vessel and was defined as SR = Hmax / D V ; 3. bottleneck factor (Dmax width / Dneck ); 4. height-width ratio (H/Dmax width).
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https://doi.org/10.1017/S0317167100014323 diameter, and taking their average value 15 . We calculated the following two-dimensional indices: 1. aspect ratio (AR),which was defined as the ratio of the maximum perpendicular height to neck diameter (H/Dneck); 2. size ratio (SR),which incorporates the geometries of the IA and its parent vessel and was defined as SR = Hmax / DV; 3. bottleneck factor (Dmax width / Dneck ); 4.height-width ratio (H/Dmax width).
Statistical analysis
The analysis was done with the Statistical Package for Social Sciences (SPSS) version 15 for Windows (SPSS Inc., Chicago, IL). Bivariate statistics were calculated with ruptured status as the dependent variable. A paired Student's t test was performed for each aneurysm parameter to assess the statistical significance of the observed difference between the means of ruptured and unruptured groups. P values from the t test were calculated, a p value of less than 0.05 was considered significant. The parameters found to be significant in the t test were further analyzed using multivariate conditional logistic regression to identify those parameters that retained significance when accounting for all relevant variables. Before performing the regression, each of the variables was scaled to span a range from 0 to 10, thereby ensuring that a unit increase in the parameter corresponds to 10% of its observed range. This makes the odds ratios obtained for the variables easily comparable. At each regression step, the analysis yields a model for the odds of rupture, which was reported with the P values, the odds ratios, and the 95% confidence intervals. The final equation for the odds of rupture contains only those parameters that are significant after the model has been adjusted for correlations between parameters.
RESULTS
From January 2008 through April 2012, 52 patients with 52 pair of intracranial aneurysms in mirror location, of which one aneurysm had ruptured and its mirror location aneurysm had not ruptured, were included in this study. The sample comprised 18 males and 34 females, (i.e., a 1.9:1 ratio of females to males). The mean patient age was 56.3 years (yr) (range, 18-72 yr). The location of aneurysms included 33 pairs of posterior communicate artery aneurysms, 14 pairs of middle cerebral artery aneurysms, four pairs of aneurysms of supraclinoidal segment of internal carotid artery, and one pair of aneurysms of anterior cerebral artery. Thirty-three ruptured aneurysms were located in the left side and 19 in the right side. Table 1 summerizes the aneurysm measurements of the ruptured and unruptured intracranial aneurysms. From the paired Student's t test, significant differences were found between ruptured and unruptured means for H, Dneck, Hmax, AR, SR and bottleneck factor; Dmax width, Dv and height-width ratio means were not significantly different. Multivariate conditional logistic regression analysis was performed on H, Dneck, Hmax, AR, SR and bottleneck factor, only SR was left as independently significant parameter for IA rupture risk (p=0.027; odds ratio, 1.49; 95% confidence interval, 0.83~2.66). For every step of the regression, the P values, the odds ratios, and 95% confidence intervals are listed in Table 2 .
DISCUSSION
The natural history and risk factors for rupture of cerebral aneurysms have been studied extensively. 4, 9, 14, [16] [17] [18] [19] [20] [21] [22] However, the results are not always consistent. Multicentre prospective studies from the International Study of Unruptured Intracranial Aneurysms (ISUIA) suggested that small unruptured intracranial aneurysm could be regarded as having little chance of rupture, and treatment should seldom be recommended for such small unruptured intracranial aneurysms. 20, 22, 23 However, another interesting fact is that aneurysms may develop more quickly than expected 16 and rupture in the early period during their expansion phase, even though they are quite small in diameter.
Demonstrating an association between aneurysm shape and risk of aneurysm rupture is difficult, because these need to be SD, standard deviation; Dmax width, maximal width; Dneck, neck diameter; H, maximum perpendicular height; Hmax, the maximum heigh; DV, parent artery average diameter; AR, aspect ratio; SR, size ratio studied in comparison to proper control aneurysms, which are expected not to rupture. Possible patient-level disease related factors such as history of smoking, history of hypertension, or even genetic predisposition are almost impossible to control or eliminate. Recently, intracranial aneurysm rupture risk assessment was studied on patients with multiple intracranial aneurysms. 5, 9 However, in these studies, 5,9 the location of aneurysm may allow for significant confounding variable even if ruptured aneurysms were compared with unruptured aneurysms in the same patients. Our study represents a useful way to assess purely morphological metrics of intracranial aneurysm that may correlate with intracranial aneurysm rupture. By studying patients with mirror location cerebral aneurysms, with one ruptured and one unruptured, each aneurysm has a mirror location control aneurysm. The specific morphology characteristics of the ruptured aneurysms can be compared directly with those of the unruptured aneurysms at their mirror image sites. In other words, in a particular patient, why did one of their aneurysms rupture and not their mirror location one?
Many quantified one-, two-, and three-dimensional geometric indices to characterize aneurysm size and shape have been described. 5, 11, 12 We adapted some of these indices in this study but did not use the three-dimensional indices (isoperimetric ratio and convexity ratio) 5, 11 for the purpose of simplicity. Our goal was to identify purely morphology parameters that could be easily and quickly investigated without the need for H, maximum perpendicular height ; Dneck, neck diameter; Hmax, the maximum heigh; AR, aspect ratio; SR, size ratio Recently, several studies have indicated that intracranial aneurysm size, location and shape may be a primary determinant of rupture probability. 5, 9, 11, 12, 14 From the above studies, it appears that the influence of IA location on rupture risk is at least partly related to the relationship between IA size and parent vessel diameter. However, the classification of aneurysms into categories solely on the basis of the "general" location (i.e., parent vessel name) is somewhat qualitative and cannot capture local variations in IA and vessel geometry. For example, the middle cerebral artery consists of several segments, each having a distinct geometry. Additionally, from individual to individual, the vessel diameters may vary significantly. To resolve this dilemma, we related aneurysm geometry to the local vessel geometry via the SR. Instead of comparing the absolute sizes of aneurysms in different locations, the SR compares their sizes in a manner that accounts for the local parent artery diameter. In our study, we have tested five one-dimension and four twodimension morphological parameters for correlation with the rupture of intracranial aneurysms; only SR is independently correlated with ruptured intracranial aneurysms. Size ratio takes into account not only the aneurysm size itself but also the local vessel caliber and incorporates it into a quantifiable parameter and indirectly accounts for the effect of intracranial aneurysm location on rupture. The fact that intracranial aneurysms rupture most often on the anterior communicating artery and least on the internal carotid artery may be at least partly accounted for by the parameter SR. For example, a 4-mm aneurysm on the anterior communicating artery (average diameter, 2 mm) has a large SR of 2.0 (high rupture risk), but the same size aneurysm on the internal carotid artery (average diameter, 4 mm) has an SR of only 1.0 (low rupture risk).
The majority of ruptured aneurysms in our study, although slightly larger than unruptured ones, are much smaller than the 7 mm threshold that the ISUIA registry has proposed. 22 Data from prospective ISUIA study showed a risk of rupture of 0.52% for aneurysms 7 to 12 mm in diameter of the anterior circulation and 2.9% for aneurysms located posterior circulation in same size category. 22 Size is assumed to be one of the most important determinants for future rupture. However, there are many differences in size determinations among studies and investigators. Recently, one study 3 reported a mean height of 6.7 mm and an average width of 6.1 mm for ruptured aneurysms; another study 24 reported a mean diameter of all ruptured aneurysms was 6.28 ± 5.08 mm when measured with advanced 3D rotational angiography. These results indicate that the size of ruptured aneurysms are smaller than those of previous studies 5, 11, 22 . Some authors have suggested that aneurysms shrink after rupture. Wiebers et al 22 noted aneurysmal shrinkage after rupture, so the calculated size of ruptured aneurysms does not truly reflect their size before rupture. Recently, Raghavan et al 12 carried out a study to investigate this problem. They analyzed histologic findings for both ruptured and unruptured aneurysms and concluded that there was no histological evidence to suggest that aneurysms shrink after rupture. These findings support our results that even small aneurysms can rupture. However, our study was based on a comparatively small patient population, so bias error might have been large; this is related to the low prevalence rate of mirror location intracranial aneurysms.
Limitation of the study
The present study has several limitations. First, the study only concerns patients with mirror location aneurysms. Hence it is a narrow and biased sample. For example, lesion sites that frequently rupture, such as anterior communicating artery aneurysms, are under-represented in this series. Hence extrapolation to all patients with unruptured aneurysms is risky. Presentation with a rupture is taken as the 'cases' that will dictate what to do with patients who present with unruptured aneurysms, for whom a decision will have to be made. The appropriate study subjects should have been patients with unruptured mirror location aneurysms that present a rupture during follow-up. Secondly, the aneurysm morphology could have been affected by the rupture itself; i.e., the likelihood of shape or size change during aneurysmal rupture could not be completely excluded in this study. Fortunately some studies have indicated that the size and shape of an aneurysm are not affected much by rupture. 3, 12, 14 Thirdly, our aneurysm data could have been affected by vasospasm. It is well known that vasospasm affects the parent artery on which the hemorrhage occurs from approximately five days after aneurysmal rupture. 15 However, the vast majority of our patients presented for evaluation and had imaging via 3-dimensional DSA within 24 hours of the initial hemorrhage. Therefore, vasospasm was not expected to have a significant effect on our data. Finally, this study has a limited group size, and not all "background" variables can be controlled for even in the setting of mirror location aneurysms, which may have an effect on the results. However, we believe that the 3D study in the current work will lead to parameter measurements with a high degree of accuracy, compensating to an extent, for the small study population.
CONCLUSION
In conclusion, using a study model in which we compared ruptured and unruptured aneurysms in the same patients harboring mirror location intracranial aneurysms, we identified that only SR is significantly associated with ruptured aneurysms. These findings will need to be confirmed in future larger studies. To provide better means to identify high-risk aneurysms, other disease related factors such as sex, smoking habits, drug abuse, hypertension, and the emerging evidence for a genetic disposition have to be considered as well.
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